Abstract Identification of novel targets for the treatment of basal-like breast cancer is essential for improved outcomes in patients with this disease. This study investigates the association of MMP7 expression and MMP7 promoter methylation with subtype and outcome in breast cancer patient cohorts. Immunohistochemical analysis was performed on a breast cancer tissue microarray and validated in independent histological samples. MMP7 expression significantly correlated with patient age, tumor size, triplenegative (TN) status, and recurrence. Analysis of publically available datasets confirmed MMP7 gene expression as a prognostic marker of breast cancer metastasis, particularly metastasis to the brain and lungs. Methylation of the MMP7 promoter was assessed by methylation-specific PCR in a panel of breast cancer cell lines and patient tumor samples. Hypomethylation of the MMP7 promoter significantly correlated with TN status in DNA from patient tumor samples, and this association was confirmed using The Cancer Genome Atlas (TCGA) dataset. Evaluation of a panel of breast cancer cell lines and data from the Curtis and TCGA breast carcinoma datasets revealed that elevated MMP7 expression and MMP7 promoter hypomethylation Cancer Res Treat (2014) 146:25-40 DOI 10.1007/s10549-014-2989 are specific biomarkers of the basal-like molecular subtype which shares considerable, but not complete, overlap with the clinical TN subtype. Importantly, MMP7 expression was identified as an independent predictor of pathological complete response in a large breast cancer patient cohort. Combined, these data suggest that MMP7 expression and MMP7 promoter methylation may be useful as prognostic biomarkers. Furthermore, MMP7 expression and promoter methylation analysis may be effective mechanisms to distinguish basal-like breast cancers from other triple-negative subtypes. Finally, these data implicate MMP7 as a potential therapeutic target for the treatment of basal-like breast cancers.
Introduction
Matrix metalloprotease 7 (MMP7, Matrilysin, PUMP-1) is a secreted proteolytic enzyme capable of degrading components of the extracellular matrix (ECM). Members of the matrix metalloprotease family (MMPs) have well-established roles in the growth and invasion of cancer cells and metastatic progression [1, 2] . In addition to ECM remodeling, MMPs regulate the activity or availability of many cell adhesion molecules, as well as cytokines, growth factors, and their respective receptors to aid tumor formation and progression [3] [4] [5] [6] [7] . Most MMPs are produced by stromal cells, predominantly fibroblasts, rather than epithelial cells [8] . However, MMP7 is among the select few MMPs produced by epithelial cells [8] . The expression of MMP7 within breast carcinoma cells makes it an intriguing potential biomarker and molecular target for novel anti-cancer therapies.
Elevated expression of MMP7 and a correlation between MMP7 expression and an unfavorable outcome is well established in a number of cancers including adenocarcinomas of the colon and pancreas [9] [10] [11] [12] . In colorectal cancer elevated MMP7 expression is a prognostic marker of overall survival [13, 14] , associated with resistance to chemotherapy [14, 15] , and increased metastasis to the liver [16] . In addition, mutations in the MMP7 promoter are associated with the increased risk of colorectal cancer [17] [18] [19] . In the mammary gland, MMP7 is expressed in the normal ductal and lobular epithelia and elevated expression of MMP7 at the mRNA level has been observed in some breast carcinomas [8, 20] . Previous studies have suggested that expression of MMP7 in breast cancer may be positively regulated by active epithelial growth factor receptor 2 (HER2) implying that MMP7 may be an important factor in the growth and metastasis of HER2? breast cancers [21, 22] . In contrast, our group recently analyzed MMP7 expression in a panel of breast cancer cell lines and found that a subgroup of triple-negative (i.e., those lacking expression of the estrogen receptor [ER] , progesterone receptor [PR] , and HER2) breast cancer cell lines that closely resemble the basal-like breast cancer subtype expressed significantly higher levels of MMP7 relative to representative luminal (ER?/PR?/HER2-), HER2?, or TN cell lines that are distinct from the basal-like intrinsic subtype [23] . Whether the pattern of MMP7 expression observed in breast cancer cell lines is consistent with MMP7 expression in human tumors is not yet known. Although there is significant overlap between the clinically defined TN and molecularly defined basal-like subtypes, with approximately 75 % of TN cancers exhibiting a basal-like gene expression profile and 75 % of basal-like cancers exhibiting ER/PR/HER2 negativity [24, 25] , these subtypes are not synonymous. While categorization of patient samples into clinical breast cancer subtypes can be readily accomplished by immunohistochemical (IHC) staining for ER, PR, and HER2 with or without accompanying fluorescence in situ hybridization for HER2 amplification, categorizing breast cancers into the basal-like or other intrinsic molecular subtypes (Luminal A, Luminal B, HER2?, or normal-like) requires quantitation of a large number of genes such as those included in the PAM50 gene signature [26] . Classification of breast cancers into their intrinsic subtypes has important prognostic and predictive value as some subtypes (i.e., basal-like) have a poorer prognosis, are more prone to distant metastasis and are more sensitive to specific chemotherapy regimens [27] [28] [29] . Biomarkers that can help identify the basal-like subtype, without the requirement for larger-scale molecular profiling, or increase the precision of current classifiers would greatly improve our ability to predict patient response to current therapeutic strategies and speed the design of novel targeted agents.
In the present study, we examine MMP7 expression by immunohistochemistry in a cohort of 157 breast cancer patients with a median clinical follow-up of 5.9 years and validate the subtype specificity of MMP7 expression in an additional 80 patient samples. To identify a potential mechanism underlying the subtype-specific expression of MMP7, we also examine the relationship between methylation of CpG sites in the MMP7 promoter and breast cancer subtype in genomic DNA from 48 breast cancer patient samples and confirm these data using the large TCGA breast cancer cohort. Examination of our breast cancer patient data demonstrates a significant correlation between MMP7 positivity and the TN breast cancer clinical subtype and reveals MMP7 as a potential prognostic marker. To further examine the efficacy of MMP7 as a biomarker of breast cancer subtype, we utilized information from publicly available breast cancer patient databases and discovered that MMP7 is a biomarker of the basal-like molecular subtype of breast cancer. Finally, we identify MMP7 expression as an independent predictor of complete pathological response in a large breast cancer patient cohort. These data suggest that MMP7 may prove useful as an efficient means to identify basal-like breast cancers, as well as a potential therapeutic target for the treatment of this disease.
Materials and methods

Tissue samples
With approval from the University Hospitals Case Medical Center (UHCMC) Institutional Review Board (IRB), tissue microarrays (TMA) were constructed from archived tumor tissue of 157 newly diagnosed patients who underwent primary surgery for invasive breast carcinoma at UHCMC between 1998 and 2003. These patients were chosen because both tumor tissue and clinical follow-up data through the UHCMC Tumor Registry were available. The final selection of patient tumor samples for the TMA was made using prior immunohistochemistry for expression of ER, PR, and HER2 to maintain equal representation of the luminal (ER?/PR?/HER2-), HER2? , and triple-negative (ER-/PR-/HER2-) breast cancer subtypes. Whenever possible, consecutive samples were obtained. The constructed TMAs consisted of 8 by 10 arrays of 1.5-2 mm cores from archived formalin-fixed, and paraffin-embedded surgical pathology blocks. Each de-identified tumor core was given an anonymous identification number linked to an IRB-approved database containing clinicopathological information and clinical follow-up data.
To validate the association between MMP7 staining and the TN subtype, 80 independent recently diagnosed, deidentified, formalin-fixed, paraffin-embedded tumor sections of known ER, PR, and HER2 status, but without available clinical outcomes data, were obtained from the University Hospitals Case Medical Center Department of Pathology archives.
For analysis of the methylation status of CpG sites in the MMP7 promoter, breast cancer genomic DNA was obtained from the Department of Pathology at Technical University in Munich, Germany. Genomic DNA was extracted from 48 formalin-fixed, paraffin embedded, deidentified primary breast cancer samples representing the luminal (14 samples), HER2? (19 samples), and TN (15 samples) subtypes. Genomic DNA extraction was performed using the QIAamp DNA FFPE Tissue Kit (Qiagen, Hilden, Germany) following microdissection to ensure a tumor cell content of [70 % in all samples. 41 of the 48 DNA samples analyzed by methylation-specific (MS) PCR yielded data suitable for quantitation. Immunohistochemistry MMP7 antibody from R&D Systems (#AF907) was used to determine expression of MMP7 by immunohistochemistry. An optimal working protocol and antibody specificity were first confirmed using paraformaldehyde-fixed, paraffinembedded tumor sections from xenografted breast cancer cell lines that either endogenously express (HCC1187) or do not express (MCF7) MMP7 as determined previously by qRT-PCR and western blot analyses. Using these control sections, we observed positive staining only in HCC1187 tumor tissue and no staining in either MCF7 or normal IgG control serial sections (data not shown). Patient breast tumor sections were then re-hydrated and endogenous peroxidases quenched with peroxidase blocking reagent (DAKO). No antigen retrieval step was performed. Sections were then blocked at room temperature for 1 h with 1.5 % normal donkey serum diluted in PBS containing 5 % bovine serum albumin and incubated overnight at 4°C with primary antibody diluted 1:20 in PBS. Secondary detection was completed using the Vectastain Elite ABC Kit for Goat IgG (Vector Laboratories) according to manufacturer's recommendations using 3,3 0 -diaminobenzidine (DAKO). Sections were counterstained with Gill's #3 Hematoxylin (Fisher), dehydrated and mounted. H&E staining of adjacent sections was performed by the Case Western Reserve University Tissue Procurement and Histology Core Facility. MMP7 staining was scored on a 0 to 3? intensity scale by two independent pathologists (C.N.B. and F.A.K.). An individual case was considered to be positive for MMP7 expression if at least 10 % of the tumor cells showed positive staining (C1?).
Cell culture
All cell lines were acquired from American Type Culture Collection. MCF7 and MDA-MB-468 cells were cultured in DMEM supplemented with 10 % FBS while T47D, MDA-MB-231, HCC1187, and HCC1143 cells were grown in RPMI supplemented with 10 % FBS. All culture media were supplemented with 1 % L-glutamine, 1 % penicillin, and 1 % streptomycin.
Methylation-specific PCR
For analysis of MMP7 promoter methylation, genomic DNA was harvested from breast cancer cell lines or breast cancer patient tumor samples using the Qiagen DNeasy kit per the manufacturer's recommendations. Isolated genomic DNA was then bisulfate converted using the Epitect Bisulfite kit (Qiagen). Methylation-specific PCR was performed using the following primer sets: MMP7 unmethylated (sense) 5 0 -GATGGTAGTTATGTGATTTATTG-3 0 , [30] . PCR conditions used an initial denaturation step at 95°C for 10 m followed by 30 cycles of: 95°C for 30 s, 51°C for 30 s, and 72°C for 1 m followed by a final 7 m extension phase at 72°C. The resulting PCR products were resolved on 5 % agarose gels. The intensities of the bands generated using the unmethylated-and methylated-specific primer sets were calculated using Image J software [31] .
Quantitative real-time PCR Total RNA was extracted and used to generate cDNA as previously described [23] . Quantitative real-time PCR (qRT-PCR) was conducted using an Applied Biosystems (ABI) Step-One real-time PCR instrument by the comparative C t method. MMP7 expression was assessed using Hs01042793_m1 (ABI). GAPDH (Hs99999905_m1) was used as an endogenous control. Data were averaged from at least three independent experiments, each conducted in triplicate. Statistical differences in gene expression were assessed by ANOVA.
Datasets
Data from the Bos [32] , Curtis [33] , and Hatzis [34] datasets were retrieved from Oncomine (www.oncomine.com). Additional data for the Curtis dataset (EGAS00000000083) were downloaded from the European Bioinformatics Institute's website, while additional data for the Hatzis study (GSE25066) were retrieved from the gene expression omnibus. Data from the TCGA invasive breast carcinoma dataset were downloaded from the cancergenome.nih.gov website.
Statistics
Bivariate comparisons between MMP7 staining and other clinicopathological data within the TMA were conducted by Fisher's exact probability test. For statistical analysis of survival and recurrence among patients in the TMA, Kaplan-Meier curves were generated and compared by the log-rank test. Univariate and stepwise multivariate analyses were carried out using the Cox proportional hazards model. For analysis of MMP7 promoter methylation in the publically available TCGA dataset of invasive breast carcinoma, the methylation values from Illumina Human Methylation Array probe MMP7 cg25511807 from 463 patients were retrieved along with TN and PAM50 subtype status [35] .
The Illumina probe cg25511807 detects the methylation state of CpG sites in the MMP7 5 0 -UTR and partially overlaps the sequence used for the construction of the methylation-specific PCR sense-strand primers used in this study. Inverse methylation values, representing the relative amount of the source sequence in the unmethylated state, were calculated and used for statistical comparison of MMP7 promoter methylation between breast cancer subtypes. For co-expression analyses, the Pearson correlation coefficient between expression of each gene and MMP7 expression was determined for the Curtis, Hatzis, and TCGA cohorts. The list of correlated genes in each dataset was restricted to the top 1 % using the absolute value of the Pearson correlation coefficients, and those genes that significantly correlate with MMP7 in all three studies were identified. Venn diagrams were generated using the Venny tool (http://bioinfogp.cnb.csic.es/tools/venny/). To identify predictive factors of pathological complete response (pCR), an odds ratio (OR) was calculated for each risk parameter, including MMP7 expression (separated into high and low expression by median expression value), in the Hatzis dataset. To study the additive predictive value of MMP7 expression, a multiple logistic regression model was fitted from all risk factors excluding MMP7 expression, while a second model was fitted using all available factors including MMP7 expression. Both models were generated in accordance with the Akaike information criterion using backward stepwise variable selection. The two models were compared by the likelihood ratio test and by comparison of the areas under the curve (AUC) for their respective receiver operator characteristic curves. Student's t test was used for direct statistical comparisons between two groups when appropriate; analysis of data across multiple groups was conducted by one-way ANOVA. Statistical significance was assumed if P \ 0.05.
Results
MMP7 positivity correlates with an earlier age and increased tumor size at time of diagnosis and triple-negative status
The clinicopathological variables of the study cohort for TMA analysis, as a whole and grouped by ER, PR, and HER2 status, are summarized in Table 1 . Importantly, in order to attain equal representation of the three primary clinical breast cancer subtypes in the TMA, eligible patients were divided into groups based on ER, PR, and HER2 status prior to their selection for use in the TMA. As a result, the percentage of ER and PR-positive samples is lower, while abundance of HER2? and TN samples on the TMA is higher than would be expected if consecutive T4 (extension to the chest wall or skin) Of the 143 breast cancers in the TMA for which MMP7 scores and receptor status could be acquired (Table 2 and Fig. 1 ), only 4.12 % (4 of 97) of the luminal (Fig. 1a , left panel) and HER2? (Fig. 1a , middle panel) samples showed MMP7 positivity (defined as a score of C1? with at least 10 % of the tumor cells staining for MMP7). In contrast, 21.7 % (10 of 46) of the TN samples showed positive cytoplasmic and/or pericellular staining for MMP7 (Fig. 1a , right panel; Supplemental Figure 1 ). The results of these analyses are summarized in Fig. 1b (left panel) . To confirm the association between MMP7 positivity and TN status, we stained an additional 80 paraffin-embedded breast cancer sections for MMP7. The ER, PR, and HER2 status for these samples is known, but no further clinicopathological or outcome data are available for this cohort. Of the 18 TN samples in the validation cohort, 14 (77.8 %) showed positive (C1?, [10 %) staining for MMP7, while only 25.4 % of the non-TN samples were positive for MMP7 staining (Fig. 1b, right panel) . The discrepancy between the percentages of samples staining positive for MMP7 in the TMA cohort (21.7 %) versus the validation cohort (77.8 %) can likely be attributed to heterogeneity of MMP7 staining [36] . This heterogeneity may be driven by location-specific expression MMP7 as a greater concentration of MMP7 is expected along the invasive, leading edge of the tumor relative to the tumor interior [37] [38] [39] . The larger histological sections used in the validation cohort are more likely to contain areas of leading edge, and therefore, more likely to have areas of MMP7 positivity, than the smaller TMA tissue cores. An example of the heterogeneous MMP7 staining in a TN sample is depicted in Supplemental Figure 1 . Despite the discrepancies arising from staining heterogeneity and sample coverage, staining for MMP7 is highly correlative with TN status (Fig. 1b) in both the TMA cohort (P = 0.002) and validation cohort (P = 0.0002).
The association between MMP7 staining and clinicopathological prognostic factors was examined (Table 2) . Patients whose tumors stained positive for MMP7 were significantly younger at the time of diagnosis (P \ 0.02, mean age of 48.4 years) than those that were not positive for MMP7 (mean age of 58.2 years) as would be expected for patients with TN tumors, which tend to present at an earlier age [40] . Tumors positive for MMP7 were also significantly larger at time of diagnosis (P \ 0.03). There was also a trend toward MMP7 positive tumors associating with higher tumor stage at time of diagnosis that did not reach statistical significance (P = 0.08). As mentioned previously, there was significant correlation between MMP7 positivity and TN status (P = 0.002) and a significant association between MMP7 staining and ER (P = 0.003) and PR (P = 0.003) negativity. No trend was observed between HER2 expression and MMP7 staining (P = 0.7715).
MMP7 staining correlates with decreased recurrence-free survival
Clinical follow-up data, with a median follow-up time of 5.9 years, including time of recurrence and cause of death were available for up to 157 patients enrolled in the TMA study. There was no difference in over-all survival between MMP7 negative and MMP7 positive (C1?,[10 %) groups (P = 0.72; data not shown). On the other hand, within the 129 patients for which recurrence information and MMP7 status were known, the MMP7 positive group (n = 12) had a significantly higher likelihood of recurrence ( Fig. 2a , P = 0.03) compared to the MMP7 negative group (n = 117). Of the 12 MMP7 positive cases, five (41.7 %) experienced recurrence during the study follow-up period compared to only 18.8 % (22 of the 117) of the cases that showed no staining for MMP7. While MMP7 positivity was not found to be an independent predictor of recurrence by multivariate analysis (Supplemental Figure 2A) , it is important to note that the association between MMP7 staining and recurrence cannot simply be attributed to MMP7 acting as a surrogate for TN status as TN status is not significantly associated with recurrence in this patient cohort (P = 0.65; Supplemental Figure 2B ). To determine if MMP7 gene expression could serve as a prognostic marker, we utilized the publicly available Hatzis dataset [34] which contains metastatic recurrence information for 508 patients with invasive breast cancer. The Hatzis patient cohort was stratified along the 90th percentile of MMP7 expression to maintain the same ratio of MMP7 high to MMP7 low samples as in our TMA patient cohort wherein *10 % (12 of 129) of the cohort scored positive for MMP7 expression. Elevated MMP7 expression significantly (P = 0.0004) correlated with shorter time to metastatic recurrence (Fig. 2b) . TN breast cancers show a proclivity for metastasis at particular sites, notably brain and lung compared to other sites such as bone [41] . Analyzing data from the Bos patient cohort [32] we found that MMP7 expression was significantly elevated (P = 0.003) in the primary tumors of women whose cancers metastasized to the brain and/or lungs compared to those who developed bone metastases (Fig. 2c) . We also assessed whether MMP7 expression could function as a prognostic marker of breast cancer metastasis to the brain and/or lungs in the Bos cohort. Stratifying the patient population by MMP7 expression along the 90th percentile revealed that elevated MMP7 expression significantly correlated (P = 0.02) with shorter time to the development of brain and/or lung metastases (Fig. 2d) . MMP7 expression did not correlate with bone metastasis in these patients (P = 0.995, data not shown).
Hypomethylation of CpG sites in the MMP7 promoter correlates with TN status
We previously reported that MMP7 mRNA and protein are elevated in a sub-group of TN breast cancer cell lines [23] . MMP7 expression has been demonstrated to be regulated by methylation status of CpG sites in the MMP7 promoter in pancreatic cancer cell lines [30] . To determine if epigenetic regulation is a key mechanism controlling MMP7 expression in breast cancer, we analyzed a number of breast cancer cell lines by methylation specific-PCR (MS-PCR) using a set of primers that detect the methylation status of CpG sites in the 5 0 UTR and the coding region of exon1 of MMP7. Three of the four TN breast cancer cell lines analyzed (HCC1187, HCC1143, and MDA-MB-468) had significantly less methylation of the CpG sites than did the ER? cell lines MCF7 and T47D or a fourth TN cell line, MDA-MB-231 (Fig. 3a, b) . We utilized qRT-PCR to assess MMP7 expression in these cell lines and found a significant correlation (P = 0.02) between hypomethylation of the MMP7 promoter and elevated MMP7 expression (Fig. 3c, d ). We then treated MCF7 cells, which have a highly methylated MMP7 promoter and concomitant low MMP7 expression, with the DNA methyltransferase inhibitor 5-Aza-2 0 -deoxycytidine (5-AzaC). Treatment with 5-AzaC significantly increased the amount of unmethylated MMP7 promoter (*3.5-fold; P \ 0.05; Fig. 3e ; Supplemental Figure 3A) , as well as MMP7 expression (*2.0-fold; P \ 0.05; Fig. 3f ). Hence, epigenetic regulation appears to be a key determinant of MMP7 expression. Importantly, the three TN cell lines in which the MMP7 promoter is primarily in the hypomethylated state also have a gene expression profile most similar to the basal-like molecular breast cancer subtype [42, 43] that is shared by approximately 75 % of TN breast cancers [25, 44] . In contrast, the MDA-MB-231 TN cell line in which the MMP7 promoter is primarily in the hypermethylated state, has an expression signature that is similar to claudin-low tumors, a distinct TN subtype [32, 33, 35] .
To expand our investigation of the relationship between MMP7 methylation status and breast cancer subtype to clinical breast cancer samples, we analyzed the methylation state of MMP7 in genomic DNA from 48 breast cancer samples using the same methylation-specific PCR primer sets. The characteristics of the patient population and the relative unmethylated:methylated (U:M) MMP7 promoter ratios are summarized in Table 3 . Genomic DNA from 14 luminal, 19 HER2?, and 15 TN tumors was analyzed by MS-PCR (Table 3 and Supplemental Figure 3B ). The CpG sites in the MMP7 promoter were predominantly in the methylated state in luminal breast cancers with an average Fig. 2 a Kaplan-Meier curves demonstrating the recurrence probability for the UHCMC TMA patient population stratified by MMP7 staining. Positive MMP7 staining is associated with significantly shorter time to recurrence (P = 0.03). b In the Hatzis patient cohort, the time to metastatic recurrence is significantly shorter (P = 0.0004) in patients with elevated MMP7 expression. c In the Bos patient cohort, mean expression of MMP7 is significantly higher (P = 0.003) in primary tumors of breast cancer patients that had metastases to the brain and/or lung versus patients that had bone metastases. d KaplanMeier curves demonstrating a significantly shorter time to metastasis to the brain and/or lung (P = 0.02) in association with elevated MMP7 expression in the Bos cohort U:M MMP7 promoter ratio of 0.34 and a maximum ratio of 0.82. Similarly, the HER2
? samples were primarily in the methylated state with an average U:M ratio of 0.71, a minimum value of 0.11 and a maximum U:M ratio of 2.08. In contrast, these CpG sites were predominantly in the unmethylated state in the TN samples with an average U:M ratio of 5.84, a maximum U:M value of 14.80, and a minimum value of 1.20. Overall, the analyzed CpG sites were significantly (P \ 0.0001) more hypomethylated in the TN samples than in the other two subtypes (Fig. 4a) .
Combined, these results demonstrate a significant correlation between the methylation of CpG sites in the MMP7 promoter and the TN subtype and suggest that methylation of this genomic region may be a key regulatory mechanism controlling its transcriptional activity.
MMP7 promoter methylation status and expression correlates with the basal-like breast cancer subtype
To confirm the differential methylation of the MMP7 promoter across breast cancer subtypes we analyzed the methylation status of the MMP7 promoter in data available from 463 breast cancer samples in the TCGA invasive breast carcinoma database. The Illumina methylation array probe utilized in this study (cg25511807) detects methylation of a region in the 5 0 UTR of MMP7 and partially overlaps the region analyzed by our MS-PCR assay. In agreement with our MS-PCR data, the CpG sites recognized by cg25511807 were significantly less methylated in TN samples in the TCGA data set versus the non-TN samples (P \ 0.0001; Fig. 4b ). Since we had observed a correlation between MMP7 promoter methylation status and the basal-like molecular subtype during our analysis of breast cancer cell lines, we explored this relationship in the TCGA patient dataset, wherein tumors have been subtyped according to PAM50 intrinsic signatures and, thus, can distinguish basal-like from other TN tumors. Interestingly, when the TCGA cohort was stratified by both basal-like status, as well as TN status, we discovered that an elevated U:M MMP7 promoter ratio significantly correlated (P = 0.001) with the basal-like molecular subtype and not with TN status (Fig. 4c) . This result suggests that our earlier observations linking MMP7 promoter methylation to TN status were due to the 84 % overlap between the TN subtype (defined by lack of ER, PR, and HER2 expression) and the basal-like subtype (defined by PAM50 classification) and in the TCGA cohort. To explore the relationship between MMP7 gene expression and the basal-like molecular and TN clinical subtypes, we utilized multiple large, publicly available datasets [33, 35] . When we examined the expression of MMP7 in 1,969 samples of the Curtis cohort for which expression data and subtype information were available (Fig. 4d) , we found that basal-like molecular classification but not TN status correlated with higher MMP7 expression (P = 0.001). These results were confirmed by analyzing MMP7 expression in TCGA samples grouped by basal-like and TN status (P = 0.05, Supplemental Figure 4A ). Importantly, we also observed significant correlation between MMP7 promoter methylation status and MMP7 expression in the TCGA cohort (P \ 0.00001, Supplemental Figure 4B ).
While there is significant overlap between the basal-like molecular and TN clinical subtypes, as mentioned previously, this overlap is incomplete. The majority of TN cancers express a basal-like gene signature, however, a minority of TN cancers belong to one of the other intrinsic , luminal B, HER2 , or normal-like) [45, 46] or belong to the claudin-low subtype which is molecularly distinguishable from other basal-like cancers [47] . To determine if expression of MMP7 is correlated with the expression of other genes associated with a particular breast cancer molecular subtype, we utilized the Curtis, Hatzis, and TCGA datasets to identify genes with the highest level of coordinate expression with MMP7. The top 1 % of genes, as determined by the Pearson correlation coefficient for expression of each gene with MMP7, from the three datasets were compared for overlapping features (Supplemental Figure 5) . Twenty six genes were highly coexpressed with MMP7 in all three datasets. Comparison of the set of genes coordinately expressed with MMP7 to gene sets in the Molecular Signature Database (http://www. broadinstitute.org/gsea/msigdb/index.jsp) revealed that the MMP7-correlated genes are enriched for genes that are upregulated in the basal subtype of breast cancer and genes that are down-regulated in luminal breast cancers (Supplemental Figure 6 ). Among the coordinately expressed genes are the basal cytokeratins KRT6B and KRT5 and a number of other genes (SFRP1, FOXC1, CXCL1, PRNP, and CDH3) previously found to be part of a core basal-like breast cancer signature [48] . Notably, the list of highly correlated genes included the gene for the transcription factor FOXC1 and the Wnt-related genes, SFRP1 and FZD7. FOXC1 and the wnt pathway are the key regulators of basal-like breast cancer phenotypes and both induce MMP7 expression [23, 49] . Absent from the list of genes coordinately regulated with MMP7 are genes associated with the luminal, HER2?, normal-like or claudin-low subtypes. These data indicate that MMP7 expression is highly correlated with the core set of basal genes and breast tumors expressing elevated MMP7 are likely to have a basal-like molecular signature.
Four genes (EGFR, VIM, KRT5, and KRT14) have previously been described as potential biomarkers of the basal-like breast cancer subtype [50] [51] [52] [53] [54] . We determined if the expression frequency of MMP7 in basal-like cancers was greater than these established markers. In the Curtis cohort, 16.7 % (331 of 1,986) of the samples are classified as basal-like. We used this 16.7 % cut-off to analyze the overlap between high expression (upper 16.7 %) of each marker and the basal-like subtype. Perfect concordance between high expression of a given gene and the basal-like subtype results in an expression frequency of 1. MMP7 had the highest frequency of all the biomarkers we analyzed. With a value of 0.58, MMP7 had the greatest overlap with the basal-subtype with EGFR and KRT5 having frequencies of 0.56 and 0.55, respectively (Supplemental Figure 7 , upper panel). The overlap between the basal-subtype and KRT14 and VIM was even lower at 0.27 and 0.35, respectively. These results were confirmed in the TCGA cohort (17.5 % of the samples are basal-like in this cohort) where the frequency of MMP7 expression in the basal-like samples was 0.57. EGFR frequency in the TCGA cohort was higher than MMP7 at 0.74, but KRT5 (0.51), KRT14 (0.52), and VIM (0.31) were again expressed at a lower frequencies than MMP7 in the basal-like tumors (Supplemental figure 7, lower panel) . These results suggest that both MMP7 promoter methylation status and MMP7 expression correlate with the basal-like molecular subtype independently of TN status and may outperform other biomarkers of the basal-like intrinsic subtype.
Elevated MMP7 expression is a predictor of pathological complete response Basal-like breast cancers are more sensitive to cytotoxic chemotherapy than other breast cancer subtypes [29] . To assess MMP7 expression as a predictor of pCR to chemotherapy we utilized the Hatzis et al. dataset which includes pCR information for 454 patients treated with standard taxane-based chemotherapy regimens [34] . As expected, univariate analyses revealed that lower clinical T-stage, higher grade, ER, and PR negativity, HER2 positivity, higher node status, younger age, triple-negative status, and the basal-subtype all are associated with higher pCR in this cohort (Supplemental Figure 8) . In addition, elevated MMP7 status is significantly associated with pCR in this patient population (P = 4.3 9 10 -6 ). To further investigate whether MMP7 may be a predictive factor for pCR, we generated two multivariate models predictive of pCR. The first model excludes MMP7 as a possible predictive factor and is comprised of grade, age, and basal-subtype (by PAM50 classification) as independent predictors of pCR. For the second model, MMP7 was included as a possible predictive factor and was found to be an additional independent predictive factor of pCR along with the three parameters identified by the initial model (Table 4) . These two models were compared by the likelihood ratio test and the addition of MMP7 expression significantly improved the model (P = 0.009956). In addition, the two models were compared using their receiver operator characteristics and the addition of MMP7 expression increased the area under the curve value from 0.745 to 0.762 (Supplemental Figure 9) . Thus, inclusion of MMP7 expression improves prediction of chemotherapeutic response in this cohort. Furthermore, both PAM50 and MMP7 expression are independent predictors of pCR and inclusion of both factors significantly improves prediction of pCR. Thus, MMP7 0 s ability to predict response may extend beyond its ability to act as a surrogate marker of the basal-like subtype.
Discussion
Herein, we report that MMP7 staining correlates with the TN clinical subtype (P = 0.03) and disease recurrence (P = 0.03) in a 157 sample TMA. In addition, MMP7 positivity correlates with the lack of ER and PR (P = 0.0003, respectively), an earlier age at diagnosis (P = 0.0118), and increased tumor size (P = 0.0268). The association between MMP7 expression and TN status was validated in a second patient cohort and the prognostic value of MMP7 was confirmed in multiple publicly-available datasets. To investigate if epigenetic factors contribute to the differential expression of MMP7 in the various clinical breast cancer subtypes, we used methylation-specific PCR to determine the methylation status of CpG sites in the MMP7 promoter across a panel of breast cancer cell lines and a cohort of 48 tumor samples. These data were confirmed by in silico analysis of the publicly available TCGA dataset. Furthermore, these analyses led to the discovery that MMP7 promoter hypomethylation and expression correlate with the more specific basal-like molecular subtype rather than the broader TN clinical subtype. Lastly, we identified MMP7 as an independent predictor of favorable response to chemotherapy in a large breast cancer patient cohort [34] . Combined, our data indicate that MMP7 may be a valuable biomarker for distinguishing the basal-like molecular breast cancer subtype and predicting response to standard chemotherapy. Given its role as an extracellular enzyme, MMP7 may also serve as a target for novel treatments of this disease.
Breast cancers can be classified histologically by their expression of ER, PR, and HER2 or by gene expression signatures into one of five intrinsic subtypes (basal-like, luminal A, luminal B, HER2?, normal-like). TN tumors are defined by their lack of ER, PR, or HER2 expression and this classification is a rapid, albeit generalized, method for distinguishing highly aggressive tumors. The majority, but not all, of these tumors overlap with the more precisely defined basal-like molecular subtype. Likewise, basal-like tumors tend to be TN. However, there is not complete synonymy between the TN and basal-like subtypes [24, 25] and the identification of biomarkers that improve classification of these tumor types should bolster patient prognostication and potentially accelerate the development of novel therapeutics.
Currently, classification of breast cancers as basal-like by methods such as PAM50 (Prosigna [50] [51] [52] [53] [54] . While these structural proteins may serve to distinguish some basal-like tumors from other tumor types, they do not hold potential as therapeutic targets. In addition to cytokeratins and vimentin, epithelial growth factor receptor (EGFR) is a marker of the basal-like breast cancers that is expressed in approximately 50 % [51, 52] of this subtype. Targeting EGFR is a promising avenue for treatment of some basallike breast cancers, however, not all basal-like/TN breast cancers are positive for EGFR [51, 52] . In addition, the likelihood of developing resistance to EGFR-directed therapies is high as has been observed in lung cancer [55, 56] . Thus, other therapeutic targets for basal-like cancers must be identified. Our results suggest that MMP7 may serve not only as an important biomarker for identification of basal-like breast cancers and predictor of response to conventional chemotherapy but also as a promising target for novel therapies in the treatment of BLBC. IHC analysis revealed that 77.8 % of the histological sections from TN breast cancers stained positively for MMP7. Additional studies are needed to determine if staining for MMP7 or analysis of MMP7 promoter methylation status among the TN samples is specific for those with a basal-like molecular subtype. However, our analyses of publically available datasets suggest that MMP7 and promoter methylation status are specific markers of the basal-like molecular subtype regardless of receptor status. To date, efforts to treat cancer, including invasive breast carcinoma, with compounds that inhibit protease activity of the MMP-family have not been successful [57] . However, non-inhibitor based methods to target MMPs may prove more useful in cancer treatment. In particular, treatment strategies that take advantage of the ability of the proteases to recognize and cleave selective amino acid sequences can be utilized to tailor anti-cancer compounds that are activated by specific MMPs. One such example is an MMPactivated photomolecular beacon that provides a molecular on-switch for photodynamic therapy that is controlled by the presence of MMP7 [58] . Other therapies that utilize MMP activation have been developed including MMPactivated cytotoxins that are capable of killing cancer cells only after an activating cleavage by MMPs [59, 60] . MMP7 may prove to be especially suited for this type of therapy given that it is specifically produced by cancer cells and not the surrounding stroma, unlike many other MMPfamily members. Most importantly, MMP7-activated therapies may answer the need for targeted therapies that are effective against basal-like breast cancers.
Combined, our data demonstrate that elevated MMP7 expression and promoter hypomethylation may improve TN breast cancer classification and prognosis, and advocates for future studies to assess the efficacy of MMP7-activated anti-cancer compounds in the treatment of basallike breast cancers.
